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A plasmonic refractive index sensor based on a circular resonator is proposed. With all three dimensions below
1 μm, the sensor has a compact and simple structure granting it ease-of-fabrication and ease-of-use. It is capable of
sensing trace amounts of liquid or gas samples. The sensing properties are investigated using finite elements
method. The results demonstrate that the plasmonic sensor has a relatively high sensitivity of 1,010 nm/RIU, and
the corresponding sensing resolution is 9.9 × 10−5 RIU. The sensor has a relatively high quality factor of 35, which is
beneficial for identifying each transmission spectrum. More importantly, the sensitivity is not sensitive to changes of
structure parameters, which means that the sensitivity of the sensor is immune to the fabrication deviation. In
addition, with a transmittance of 5% at the resonant wavelength, this plasmonic structure can also be employed as
a filter. In addition, by filling material like LiNbO3 or liquid crystal in the circular resonator, this filter can realize an
adjustable wavelength-selective characteristic in a wide band.
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At present, more and more researchers pay their atten-
tions on the investigation of surface plasmons (SPs).
Thus, a lot of articles about SPs emerged, from which
numerous devices based on SPs are proposed. SPs are
optically induced oscillations of the free electrons at the
surface of a metal and can confine and propagate elec-
tromagnetic energy far beyond the diffraction limit for
electromagnetic waves in dielectric media [1,2]. This
could lead to miniaturized photonic components with
dimensions scale much smaller than those currently
achieved [3,4], such as plasmonic waveguides [5-8] and
plasmonic nanolasers [9,10]. Due to the susceptibility of
SPs to surrounding dielectric, SPs and surface plasmon
resonance (SPR) exhibit excellent properties for sensing
applications [11-13]. In past decades, various plasmonic
sensors based on SPs and SPR have been proposed and
investigated [14-24], especially prism-coupled SPR sen-
sors [14-17] and fiber-coupled SPR sensors [20-24].
Generally, dimensions of prism-coupled SPR sensors are
huge for integration of sensors on chips and their* Correspondence: xzhang@bupt.edu.cn
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in any medium, provided the original work is psensitivities are not high compared to fiber-coupled SPR
sensor. Although fibers make SPR sensors smaller and
more flexible, the dimensions are still too large for
sensing applications of lab on chip. Recently, metal-
insulator-metal (MIM) plasmonic waveguides offering
very high optical confinement and closer spacing to ad-
jacent waveguides or structures have been proposed for
diverse applications, such as MIM optical filers [25,26],
electromagnetically induced transparency [27,28], Bragg
gratings [29,30], and directional couplers [31,32]. Com-
pared to other sensors, plasmonic sensors with MIM
structures have an inherent advantage to achieve high
integration.
In this paper, we focused on the compactness of the
sensor with an acceptable sensitivity and its integration
to other components. By employing the MIM structure,
we proposed a plasmonic refractive index sensor based
on a circular resonator. This sensor has a simple and
ultra-compact structure. It is comprised of a circular
resonator and a bus waveguide. All three dimensions of
the sensor are below 1 μm. Combing such a compact
structure and sensing capability of SPs, this plasmonic
refractive index sensor can realize real-time and on-chip
sensing. Moreover, the structure parameters have neglected
impact on sensing sensitivity of the plasmonic sensor.Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
Figure 1 Schematic diagram of the plasmonic structure.
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be used as filters due to its low transmittance at the
resonant wavelength. Moreover, by filling material like
LiNbO3 or liquid crystal, the filter can realize an
adjustable wavelength-selective characteristic in a wide
band.Methods
The schematic of the plasmonic structure is demon-
strated in Figure 1, where the background material in gray
is silver, whose permittivity is described by the Drude
model εr ¼ ε∞−ω2p= ω2 þ jγωð Þ , with ε∞ = 3.7, ωp = 9.1 eV,
and γ = 0.018 eV [33]. The parameters adopted here
fit the experimental data at the infrared frequencies
[34]. The long strip waveguide filled with silica in the
silver pad is called bus waveguide. The circle aboveFigure 2 Transmission spectra of the plasmonic refractive index sensor for
corresponding to the index of 1.4 at the wavelengths of 1.476 and 1.576 μthe bus waveguide is a circular resonator behaving as
a Fabry-Perot (F-P) cavity. The empty circular reson-
ator in the silver pad is used to collect the analyte
(liquid or gas) to be sensed. When this structure is used
as a filter, the empty circular resonator can be filled by
liquid with proper refractive index, LiNbO3 or liquid
crystal, to realize customized or adjustable wavelength-
selective characteristic. The small gap between the
bus waveguide and the circular resonator is designed
to enhance coupling between them. The width of the
bus waveguide is 100 nm. In spite of transmission
loss in the waveguide, the length of the bus waveguide
has no influence on sensing and wavelength-selective char-
acteristics of this plasmonic structure, so its length is fixed
at 800 nm considering the compactness and integration.
The radius of the circular resonator is R, and the height and
width of the small gap are denoted byH andW, respectively.varying refractive index of analyte. Insets are magnetic field Hz
m.
Figure 3 Sensing properties as functions of R. (a) Transmission
spectra of refractive index 1.35 as functions of R. (b) Shifting
wavelengths corresponding to the dips in the transmission spectra
for different R. (c) Sensitivities of the plasmonic refractive index
sensors for different R.
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used to couple super-continuum light into the sensor and
the transmission spectrum out of the bus waveguide. This
plasmonic structure could be fabricated by steps as follows:
first, deposit an Ag film with a thickness of 500 nm on a
silica substrate; then, fabricate the required pattern by
EBL and etching, and deposit a silica film with a thick-
ness of 500 nm; last, clear the redundant silica on the
Ag film and in the circular resonator, and fabricate the
gratings at the two ends of the bus waveguide by EBL
and etching.
Results and discussion
In this section, we first investigated the sensing proper-
ties of the plasmonic structure and then indicated its
wavelength-selective properties as a filter at the end of
this section. Sensing properties including distribution of
electromagnetic field, transmission spectrum, and sensi-
tivity are numerically analyzed using finite elements
method with scatter boundary conditions. In the calcula-
tion, a plane wave was injected from the left side of the bus
waveguide by a port to excite fundamental TM modes of
SPs. The transmitted light was collected from the right side
of the bus waveguide which is defined asT = Pout/Pin, where
Pin = ∫PoavzdS1 and Pout = ∫PoavzdS2; Poavzd is the z
component of time-average power flow. The transmission
spectra of the plasmonic structure are obtained by para-
metrically sweeping the input wavelength with step of
1 nm.
For various refractive indices of analyte in the circular
resonator, Figure 2 demonstrates the corresponding trans-
mission spectra of this plasmonic sensor with a structure
of R = 300 nm, H = 100 nm, and W = 100 nm. For the
transmission spectrum corresponding to the refractive
index 1.4, there is a dip in the transmission spectrum and
most other wavelengths of the injected wideband light are
transmitted through the bus waveguide. The wavelength
corresponding to the deepest dip is called the resonant
wavelength. At the resonant wavelength, most energy
coupled into the circular resonator from the bus waveguide.
As the insets show in Figure 2, at the wavelength of
1.576 μm, most energy transmitted through the bus wave-
guide without coupling into the circular resonator. But at
the wavelength of 1.476 μm, most energy coupled into the
circular resonator and very little energy transmitted
through the bus waveguide. The energy resonated in the
circular resonator is sensitive to the refractive index varia-
tions of the analyte in the circular resonator, so when the
refractive index of the analyte was changed, the resonant
wavelength in the transmission spectrum shifted which is
demonstrated in Figure 2. Thus, the above is the sensing
mechanism of this plasmonic refractive index sensor.
Transmission spectra of refractive index 1.35 for values
of R varying from 280 to 320 nm are demonstrated inFigure 3a. The transmission dip shifts towards a longer
wavelength with incremental R. The wavelength difference
between each resonant wavelength is about 35 nm. For
each transmission spectrum, the shift of the resonant
wavelength can be explained via the standing-wave condi-
tion, NλN= 2neffL, N = (1, 2, 3 …). For a specific N, larger
radius of the circular resonator causes the red shift of res-
onant wavelength, while shorter radius of the circular
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The resonant wavelength versus refractive index of analyte
for different R values is demonstrated in Figure 3b. All the
resonant wavelengths increase linearly as the refractive
index increases, and slopes of the five lines are similar.
The sensitivity of the plasmonic sensor was calculated
using Sλ(nm/RIU) = |dλpeak/dna|, and shown in Figure 3c.
The sensitivity of the plasmonic refractive index sensor
has a positive correlation with incremental R in a rangeFigure 4 Sensing properties as functions of H. (a) Transmission
spectra of index 1.35 for H varying from 80 to 120 nm. (b) Shifting
resonant wavelengths for H varying from 80 to 120 nm. (c) Sensitivities
of the plasmonic sensors for H varying from 80 to 120 nm.from 900 to 1,010 nm/RIU. The maximum sensitivity is
1,010 nm/RIU and its corresponding sensing resolution is
9.9 × 10−5 RIU. Thus, the radius of the circular resonator
influences not only the resonant wavelength but also the
sensitivity. However, the influence of the radius of the
circular resonator on the sensitivity of the plasmonic re-
fractive index sensor is very small and can be neglected,
the variation of sensitivity is in a range of 110 nm/RIU
around 950 nm/RIU (fluctuation is about 6%).Figure 5 Sensing properties as functions of W. (a) Transmission
spectra of index 1.35 for W varying from 80 to 120 nm. (b) Shifting
resonant wavelengths for W varying from 80 to 120 nm. (c) Sensitivities
of the plasmonic sensors for W varying from 80 to 120 nm.
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properties of the plasmonic refractive index sensor. Trans-
mission spectra of index 1.35 for values of H varying from
80 to 120 nm are demonstrated in Figure 4a. With incre-
mental H, the resonant wavelength shifts towards a longer
wavelength in a small range from 1.414 to 1.444 μm. The
wavelength difference between each resonant wavelength
is about 6 nm. This shift can be explained by associating
with the above standing-wave condition of the F-P reson-
ator. The incremental H actually increases the length of
the F-P resonator, leading to the shift of the resonant
wavelength towards a longer wavelength. The resonant
wavelength versus the refractive index of analyte for differ-
ent H values is demonstrated in Figure 4b. All the reson-
ant wavelengths increase linearly as the refractive index of
analyte increases, and the slopes of the five lines are simi-
lar. The sensitivity of the plasmonic sensor as a function
of H is shown in Figure 4c. With incremental H, the sensi-
tivity of the plasmonic refractive index sensor gradually
increases in a small range from 942 to 973 nm/RIU
around 960 nm/RIU (fluctuation is about 1.8%). Thus, the
height of gap H influences only the resonant wavelength.
The little influence of the height of the gap between the
circular resonator and the bus waveguide on the sensitivity
of the plasmonic refractive index sensor can be neglected.
The impact of different W on sensing properties of the
plasmonic refractive index sensor was investigated, and
transmission spectra of index 1.35 for values of W vary-
ing from 80 to 120 nm are demonstrated in Figure 5a.
With the incremental W, the transmission dip shifts to-
wards a shorter wavelength in a small range from 1.414
to 1.448 μm, which is contrary to the relation between
transmission dip shift and H, and the wavelength differ-
ence between each resonant wavelength is about 7 nm.
This shift can also be explained by associating with the
above standing-wave condition of the F-P resonator.
Widening W equivalently decreases the length of the F-
P resonator, leading to the shift of the resonant wavelength
towards a shorter wavelength. The resonant wavelength
versus the refractive index of analyte for different W values
is demonstrated in Figure 5b. All the resonant wavelengths
increase linearly as the refractive index of analyte increases,
and the slopes of the five lines are similar. The sensitivity of
the plasmonic sensor as a function of W is shown in
Figure 5c. With incremental W, the sensitivity of the plas-
monic refractive index sensor gradually decreases in a small
range from 940 to 975 nm/RIU around 960 nm/RIU (fluc-
tuation is about 2%). Thus, the height of gap W influences
only the resonant wavelength. The little influence of the
width of the gap between the circular resonator and the
bus waveguide on the sensitivity of the plasmonic refractive
index sensor can be neglected.
At last, we will discuss the wavelength-selective char-
acteristic of this plasmonic structure and indicate itsapplication as a filter. As shown in Figure 2, the trans-
mittance at the dip of the transmission spectrum is 5%
and the central stop-wavelength shifts towards a longer
wavelength with incremental refractive index of analyte.
But the transmittance at the central stop-wavelength
keeps the same. By filling material like LiNbO3 or liquid
crystal, the central stop-wavelength can be adjustable.
As shown in Figures 3, 4, and 5, the central stop-
wavelength shifts with different structure parameters
and the transmittance at the central stop-wavelength
nearly keeps unchanged. So, by designing proper struc-
tures, the wavelength-selective characteristic can be
customized.
Conclusions
We have proposed a plasmonic circular resonator for re-
fractive index sensor and filter. With all three dimen-
sions below 1 μm, it has a simple and ultra-compact
structure, which makes it easy to be filled with analyte
and integrate with other components. The sensing prop-
erties of the proposed sensor are numerically analyzed
using finite elements method. The positions of transmis-
sion dips have linear relations with the refractive index
of analyte. The maximum sensitivity is 1,010 nm/RIU, its
corresponding sensing resolution is 9.9 × 10−5 RIU. It
has a relatively high quality factor of 35. More import-
antly, the sensitivity of this ultra-compact plasmonic
sensor is immune to the changes of structure parame-
ters. At last, we indicated that with a very low transmit-
tance of 5%, this plasmonic structure could be also
employed as a filter. And the transmittance keeps nearly
unchanged when the structure parameters vary. By fill-
ing material with proper refractive index, LiNbO3 or li-
quid crystal, into the circular resonator, this filter can
realize customized and adjustable wavelength-selective
characteristic.
Abbreviations
SPs: surface plasmons; MIM: metal-insulator-metal; F-P: Fabry-Perot;
FEM: finite elements method.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
WW proposed the structure of plasmonic circular resonator, calculated
properties of the proposed structure, and wrote the manuscript. XZ and XR
analyzed the data and revised the manuscript. All authors read and
approved the final manuscript.
Acknowledgements
This work was supported by the National Natural Science Foundation of
China (61376019), the National Natural Science Foundation of Beijing
(4142038), the Specialized Research Fund for the Doctoral Program of Higher
Education (20120005110011), BUPT Excellent Ph.D. Student Foundation
(CX201435), and the 111 Project of China (B07005).
Received: 27 March 2015 Accepted: 25 April 2015
Wei et al. Nanoscale Research Letters  (2015) 10:211 Page 6 of 6References
1. Polman A. Applied physics plasmonics applied. Science. 2008;322:868–9.
2. Gramotnev DK, Bozhevlnyi SI. Plasmonic beyond the diffraction limit.
Nat Photon. 2010;4:83–91.
3. William LB, Alain D, Thomas WE. Surface plasmon subwavelength optics.
Nature. 2003;424:824–30.
4. Ozbay E. Plamsonics: merging photonics and electronics at nanoscale
dimensions. Science. 2006;311:189–93.
5. Oulton RF, Sorger VJ, Genov DA, Pile DFP, Zhang X. A hybrid plasmonic
waveguide for subwavelength confinement and long-range propagation.
Nat Photon. 2008;2:496–500.
6. Bian YS, Zheng Z, Zhao X, Su YL, Liu L, Liu JS, et al. Highly confined hybrid
plasmonic modes guided by nanowire-embedded-metal grooves for
low-loss propagation at 1550 nm. IEEE J Selet Topics Quantum Electron.
2013;19:4800106.
7. Wei W, Zhang X, Huang Y, Ren X. Guiding properties of asymmetric hybrid
plasmonic waveguides on dielectric substrate. Nanoscale Res Lett. 2014;9:13.
8. Wei W, Zhang X, Ren X. Asymmetric hybrid plasmonic waveguides with
centimeter-scale propagation length under subwavelength confinement for
photonic components. Nanoscale Res Lett. 2014;9:599.
9. Nezhan MP, Simic A, Bondarenko O, Slutsky B, Mizrahi A, Feng L, et al.
Room-temperature subwavelength metallo-dielectric lasers. Nat Photon.
2010;4:395–9.
10. Khajavikhan M, Simic A, Katz M, Lee JH, Slutsky B, Mizrahi A, et al.
Thresholdless nanoscale coaxial lasers. Nature. 2012;482:204–7.
11. Homola J. Surface plasmon resonance based sensors. Berlin: Springer; 2006.
12. Liu Z, Shao H, Liu G, Liu X, Zhou H, Hu Y, et al. λ3/20000 plasmonic
nanocavities with multispectral ultra-narrowband absorption for high-quality
sensing. Appl Phys Lett. 2014;104:081116.
13. Liu Z, Yu M, Huang S, Liu X, Wang Y, Liu M, et al. Enhancing refractive index
sensing capability with hybrid plasmonic-photonic absorbers. J Mater Chem
C. 2015. doi:10.1039/ C4TC02928C.
14. Cooper MA. Optical biosensors in drug discovery. Nat Rev Drug Discov.
2002;1:515–28.
15. Kobori A, Horie S, Suda H, Saito I, Nakatani K. The SPR sensor detecting
cytosine-cytosine mismatches. J Am Chem Soc. 2004;126:557–62.
16. Mizuta Y, Onodera T, Singh P, Matsumoto K, Miura N, Toko K. Highly
sensitive detection of TNT using a poly (amidoamine) dendron-based SPR
immunosensor. Sens Mater. 2010;22:193–200.
17. Roh S, Chung T, Lee B. Overview of the characteristics of micro- and
nano-structured surface plasmon resonance sensors. Sensors.
2011;11:1565–88.
18. 18. Liu Z, Liu G, Liu X, Shao H, Chen J, Huang S, et al. Multispectral sharp
plasmon resonances for polarization-manipulated subtractive polychromatic
filtering and sensing. Plasmonics. 2015. doi:10.1007/ s11468-014-9869-y.
19. Liu Z, Liu G, Huang S, Liu X, Pan P, Wang Y, et al. Multispectral spatial and
frequency selective sensing with ultra-compact cross-shaped antenna
plasmonic crystals. Sens Actuators B. 2015. doi:10.1016/ j.snb.2015.04.009.
20. Slavik R, Homola J, Ctyroky J, Brynda E. Novel spectral fiber optic sensor
based on surface plasmon resonance. Sens Actuators B. 2001;74:106–11.
21. Kim Y, Peng W, Banerji S, Booksh KS. Tapered fiber optic surface plasmon
resonance sensor for analyses of vapor and liquid phases. Opt Lett.
2005;30:2218–20.
22. Sharma AK, Gupta BD. Fibre-optic sensor based on surface plasmon
resonance with Ag-Au alloy nanoparticle films. Nanotechnology.
2006;17:124–31.
23. Shuai BB, Xia L, Zhang YT, Liu DM. A multi-core holey fiber based plasmonic
sensor with large detection range and high linearity. Opt Express.
2012;20:5974–86.
24. Liu Z, Liu G, Shao H, Liu X, Liu M, Huang S, et al. Refractometric sensing of
silicon layer coupled plasmonic-colloidal crystals. Mater Lett. 2015;140:9–11.
25. Veronis G, He S. Novel surface plasmon waveguide for high integration.
Opt Express. 2005;13:6645–50.
26. Zhang Q, Huang XG, Lin XS, Tao J, Jin XP. A subwavelength coupler-type
MIM optical filter. Opt Experss. 2009;1:7549–54.
27. Wang GX, Lu H, Liu XM. Dispersionless slow light in MIM waveguide based
on a plasmonic analogue of electromagnetically induced transparency.
Opt Express. 2012;20:20902–7.
28. Chen JJ, Li Z, Yue S, Xiao JH, Gong QH. Plasmon-induced transparency in
asymmetric T-shape single slit. Nano Lett. 2012;12:2494–8.29. Han Z, Forsberg E, He S. Surface plasmon Bragg gratings formed in
metal-insulator-metal waveguides. IEEE Photon Technol Lett. 2007;19:91–3.
30. Park J, Kim H, Lee B. High order plasmonic Bragg reflection in the metal-
insulator-metal waveguide Bragg grating. Opt Express. 2008;16:413–25.
31. Nikolajsen T, Leosson K, Bozhevolnyis SI. Surface plasmon polariton based
modulators and switches operating at telecom wavelengths. Appl Phys Lett.
2004;85:5833.
32. Zhao H, Guang X, Huang J. Novel optical directional coupler based on
surface plasmon polaritons. Physica E. 2008;40:3025–9.
33. Han ZH, Bozhevolnyi SI. Plasmon-induced transparency with detuned
ultracompact Fabry-Perot resonators in integrated plasmonic devices.
Opt Express. 2011;19:3251–7.
34. Johnson P, Christy R. Optical constants of the noble metals. Phys Rev B.
1972;6:4370–9.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
